Introduction
Dyslipidemia is a conventional risk factor for atherosclerosis and cardiovascular morbidity and mortality, characterized by abnormally high levels of triglycerides, cholesterol, and low-density lipoprotein (LDL) levels [1, 2] . Agonizing glucagon-like peptide 1 (GLP-1) receptor (GLP-1R) and glucagon receptor (GCGR), using a single coagonist, is an emerging therapeutic approach for treatment of diabetes and obesity. GLP-1 and glucagon control distinct pathways in regulating glucose production and disposal. Recent studies have demonstrated that actions of these two hormones can be complimentary in achieving optimum therapeutic effect in obesity and diabetes [3, 4] . GLP-1improves glucose tolerance, and decreases appetite [5] . On the other hand, glucagon increases gluconeogenesis, thermogenesis, satiety, and reduces body weight. Studies using peptide Aib2 C24 chimera2, a balanced GLP-1R/GCGR coagonist have demonstrated that balancing the opposing effects of GLP-1R and GCGR activation showed improvement in diabetes and obesity in animal models [6] . Oxyntomodulin, a dual agonist of GLP-1R and GCGR, showed appetite suppression, weight loss, and increased energy expenditure in humans [7] .
Balanced Coagonist of GLP-1 and Glucagon Receptors Corrects Dyslipidemia by Improving FGF21 Sensitivity in Hamster Model

ABStR Ac t
Hyperlipidemia is often associated with obesity and diabetes, and can lead to serious complications like atherosclerosis and fatty liver disease. Coagonist of GLP-1 and glucagon receptors is a therapy under clinical investigation for treatment of obesity and diabetes. In this study, we have characterized the mechanism of hypolipidemic effect of a balanced coagonist using high cholesterol-fed hamsters. Tyloxapol-induced hypertriglyceridemia, lipolysis in adipose tissue, and bile homeostasis were assessed after repeated dose treatment of the coagonist of GLP-1 and glucagon receptors (Aib2 C24 chimera 2, SC). Antagonists of GLP-1, glucagon, and FGF21 receptors were coadministered, and FGF21 sensitivity was determined in liver and adipose tissue. Repeated dose treatment of coagonist reduced cholesterol and increased FGF21 in blood and liver. Coagonist treatment reduced hepatic triglyceride secretion, increased lipolysis and reduced body weight. Antagonism of GLP-1 and glucagon receptors partially blocked the effect of the coagonist on lipid metabolism in circulation and liver, while FGF21 receptor antagonist completely abolished it. Glucagon and GLP-1 receptors antagonists blocked the action of coagonist on cholesterol excretion and bile flow in liver, but FGF21 antagonist was not effective. Treatment with the coagonist increased expression of FGF21, FGF21R and cofactor ßKlotho in liver and adipose. In conclusion, coagonist of GLP-1 and glucagon receptors improved lipid metabolism in liver of dyslipidemic hamsters. This effect is partially mediated by GLP-1 and glucagon receptors, and the improved FGF21 sensitivity could be the mechanism of hypolipidemic action of the coagonist of GLP-1/glucagon receptors.
It is interesting to note that GLP-1 agonists reduce postprandial dyslipidemia, triglycerides, LDL and total cholesterol [8, 9] . Glucagon regulates lipid synthesis, secretion, and oxidation [10, 11] . We have demonstrated that activation of GLP-1R regulates circulating and hepatic lipids by reducing sterol regulatory element-binding transcription factor 1 (SREBP-1c) and increasing LDL receptor (LDLR) and cholesterol 7 alpha-hydroxylase (CYP7A1 ) [12] . These effects were partially independent of anorexia induced by GLP-1R activation. We have also observed that repeated dose treatment of glucagon (central as well as peripheral) reduces circulating and hepatic lipids, mainly LDL, and enhances cholesterol excretion in bile, by reducing expression of HMG-CoA reductase and increasing that of ATP-binding cassette transporter A1 (ABCA1) [13] . These findings indicate that unlike their opposing effects on glucose metabolism, GLP-1R and GCGR agonists have similar effects on major aspects of lipid metabolism. However, the molecular pathways by which these effects are achieved appear to be distinct. We have previously observed that coagonist treatment improves metabolic profile by actions on GLP-1 and glucagon receptors, which was associated with improvement in Fibroblast growth factor 21 (FGF21) levels [14] . In studies reported here, we investigated the pharmacological contribution of concurrently agonizing the GLP-1 receptor and GCGR on lipid homeostasis in diet-induced hyperlipidemic male golden Syrian hamsters.
Materials & Methods
Chemicals and reagents
Coagonist of GCGR and GLP-1R, Aib2 C24 chimera 2 (H 1 XQGT 5 FTS-DY 10 SKYLD 15 EQAAK 20 EFICW 25 LMNT-NH 2 ), GLP-1R antagonist exendin(9-39), GCGR antagonist (DesHis 1 DesPhe 6 glucagon-amide) and FGF21R antagonist (ΔN17) were synthesized at Zydus Research Centre using methods reported in literature [6, [15] [16] [17] . Plasma FGF21 was measured using a FGF21 ELISA assay (Wuhan Eiaab science, CO.,LTD. China). Triglycerides, total cholesterol, and LDL cholesterol were measured using kits purchased from RCFL (New Delhi, INDIA).
Animals
Male golden Syrian hamsters (8-10 weeks old) were obtained from the Animal Research Facility of Zydus Research Centre. Animals were allowed free access to chow diet and water and were kept on a 12-h light/dark cycle. The study protocol was reviewed and approved by Institutional Animal Ethics Committee (IAEC) of Zydus Research Centre (Ahmedabad, India), an AAALAC approved facility. Hamsters were fed on high fat high cholesterol diet (HFHC, 44 % kcal fat and 0.5 % cholesterol, D06050501; Research Diets, Inc., New Brunswick, NJ) for 14 days to induce hypercholesterolemia. Then they were grouped based on cholesterol and triglyceride levels and were randomly assigned to a treatment group in separate experiments, as described below for 28 days. The high fat high cholesterol diet was continued throughout the study treatment period. Hamsters selected for each treatment group were n = 12. After the treatment they were randomized into two sets. One set (n = 6) was used for bile homeostasis, lipolysis, gene expression, and plasma biochemistry. Another set of treated hamsters (n = 6) was used in triton-induced hypertriglyceridemia studies.
Hypercholesterolemic hamsters were randomized and administered vehicle (deionized water) or 0.25 mg/kg of co-agonist, subcutaneously (SC) twice daily, at 09:30 and 18:00 h, for 28 days. In addition, hamsters were administered combinations of the coagonist with antagonists of GLP-1R (0.15 mg/kg, SC), GCGR (0.3 mg/ kg, SC), and FGF21R (0.5 mg/kg, SC), with the same frequency for 28 days. Body weight was recorded daily. This dose of coagonist was based on a pilot study where it showed a dose-related hypolipidemic effect from 0.06 mg/kg to 1 mg/kg (▶Fig. 1a). Doses of the antagonists were decided in separate pilot studies as per previous reports [15, 18, 19] .
On day 29 of treatment, animals were bled (500 µL) and plasma was separated for the determination of total cholesterol, triglycerides, LDL cholesterol and FGF21. Animals were sacrificed and tissue samples were collected and stored at − 80 °C for further analysis. All liver samples were analyzed for lipid content. 
Effect of repeated dose treatment of coagonist on tyloxapol induced hypertriglyceridemia
Hamsters were anaesthetized using pentobarbital (45 mg/kg, IP), jugular vein was cannulated, and the animals were allowed to recover for three days. After overnight fasting, animals were injected tyloxapol (Triton WR-1339, 250 mg/kg, IV). Animals were bled (50 µL per time point) by retro-orbital puncture under isofluorane anesthesia at 0, 0.5, 1, 1.5 and 2 h after tyloxapol treatment. Plasma samples were analyzed for triglyceride content.
Effect of repeated dose treatment of coagonist on bile homeostasis
Hamsters were anaesthetized with pentobarbital (45 mg/kg, IP). An abdominal incision was made and the bile duct was cannulated with PE-10 tubing (Becton Dickinson, Sparks, MD, USA). Body temperature was monitored with a rectal thermometer and maintained at 37 °C with a thermal blanket. Bile fluid was collected for 15 min. Bile samples were centrifuged to precipitate biliary proteinaceous components and weighed to estimate bile fluid content. Cholesterol content in the bile fluid was estimated.
Determination of hepatic triglycerides
A sample of liver tissue was homogenized in a heptane-isopropanol-Tween 80 mixture (3: 2: 0.01 by volume) and centrifuged at 1500 g for 15 min at 4 °C. The supernatant (the upper phase contained extracted triglycerides) was collected and evaporated using a nitrogen evaporator. Residue was reconstituted in triton x 100: t-butyl alcohol. Triglyceride content was determined using a triglyceride kit [20] .
Determination of lipolytic effect in adipocytes
After bile homeostasis assessment, adipocytes were isolated. Animals were sacrificed by cervical dislocation and epididymal fat was collected in ice cold phosphate-buffered saline (PBS). Approximately 1.5-2 g of isolated fat pads were suspended in 2.0 mL disintegration medium (MEM-Eagle containing 5 mM NaHCO 3 , 20 mM HEPES and 10 % bovine serum albumin (BSA), and pH was adjusted to 7.8 and 2 mg/ml Collagenase H added after pH adjustment) and were dissected into smaller pieces. This mixture was incubated for 30 min at 37 °C in a shaking water bath. The resulting suspension was diluted to 20 ml with disintegration medium and filtered through muslin cloth. Cell suspension was washed thrice with culture medium (MEM-Earle containing 5 mM NaHCO 3 , 20 mM HEPES, and 2.5 % BSA, pH − 7.4) to remove the collagenase solution by spinning the filtrated suspension down for 30 s at 40 × g and discarding the lower phase (adipocytes float as the upper phase). Adipocytes were resuspended in culture medium and approximately 1.56 × 10 6 cells/ml were used in the lipolysis assay. Five hundred microliter of the cell suspension was added to incubator vial, with or without L-noradrenaline (10 µM). The mixture was then incubated at 37 °C for 1 h with shaking. Reaction was stopped by placing tube in ice for 20 min. These samples were centrifuged (3000 rpm for 10 min at 4 °C) and lower phase was analyzed for glycerol content [21] .
Gene expression analysis
Tissue samples were homogenized in TRIzol reagent (Invitrogen, Life Technologies, Carlsbad, CA, USA) using a Polytron hand-held homogenizer (Kinematica, Bohemia, NY, USA).
Total RNA extracted from the liver samples by TRIzol reagent (Invitrogen Life Technologies, Carlsbad, CA, USA) in accordance with the supplier's instructions. One microgram total RNA from each sample was used for first-strand cDNA synthesis using High Capacity cDNA Archive Kit (Applied Biosystems, Foster City, CA, USA; Part No. 4322171). An equal amount of cDNA from each sample was used for quantitative real-time PCR using ABIprism-7300 (Applied Biosystems, Foster City, CA, USA). Gene expression of FGF21 forward primer (5′-3′) GGCACCTCTACACAGACGAC, reverse primer (5′-3′) CCAGGATTTGGATGACCCCC, FGF21R forward primer (5′-3′) GGAGTTCATGTGTAAGGTGTACAGTGA, reverse primer (5′-3′) GTGGTATTAACTCCAGCAGTCTTCAG and ßklotho forward primer (5′-3′) CTGATCAAGGCACATTCGAAAG, reverse primer (5′-3′) TGGGACCCCAAGGTGATG were determined using SYBR Green quantitative real-time PCR and QIAGEN QuantiFast SYBR Green kit. ßactin (5-3′ TGTCACCAACTGGGACGATA and 5-3′ AACACAGCCTG-GATGGCTAC) was used as an internal control for normalization of the results.
Statistical analysis
Statistical analysis was performed by one-way ANOVA with Dunnett's post-hoc test using the GraphPad Prism version 7.01 for Windows (GraphPad Software Inc., San Diego, California, USA). Results expressed as mean ± SEM; p < 0.05 considered as statistically significant.
Results
Coagonist treatment causes reduction in cholesterol and increased FGF21 secretion
Coagonist of GLP-1R and GCGR reduced cholesterol in repeated dose treatment, but the mechanism of this effect was not known. We investigated whether FGF21 secretion increased due to chronic treatment of the coagonist. We have found that the coagonist treatment caused an increase in FGF21 concentration in plasma (▶ Fig. 1b) , which was accompanied by reduction in cholesterol (▶ Fig. 1c ).
Effect of coagonist on hepatic triglyceride secretion is mediated by FGF21
To examine the effect of simultaneous activation of GLP-1R and GCGR on secretion of very low density lipoprotein (VLDL)-rich triglycerides in hamsters, we inhibited lipoprotein lipase with tyloxapol (250 mg/kg) and monitored the rate of triglyceride release in plasma over time. Coagonist administration diminished the tyloxapol-induced rise in plasma triglycerides (▶ Fig. 2a ). To study the role of FGF21 in mediating the effect of the coagonist on hepatic triglyceride secretion, we also administered antagonists of GLP-1R, GCGR, and FGF21R along with the coagonist for 28 days. Treatment of either GLP-1R or GCGR antagonist partially inhibited this decrease, whereas FGF21 antagonist completely abolished this effect of coagonist (▶Fig. 2a). Taken together with earlier studies on different coagonists, our data suggests that coagonist affects hepatic lipid metabolism by modulation of hepatic triglyceride assembly [6, 14, 22] .
Effect of coagonist on biliary cholesterol excretion is independent of FGF21
This is the first study which examined the effect of GLP-1R and GCGR coagonist on biliary cholesterol excretion in hyperlipidemic hamsters. Coagonist treatment (0.25 mg/kg) showed a significant rise in bile flow rate and cholesterol excretion in bile (▶ Fig. 2b,c) . GLP-1R antagonist prevented rise in bile flow rate, but it did not affect cholesterol excretion in bile. Treatment with GCGR antagonist attenuated coagonist-induced biliary excretion of cholesterol (▶Fig. 2c). On the other hand, FGF21R antagonist failed to alter either bile flow rate or biliary cholesterol excretion induced by coagonist (▶Fig. 2b,c).
Coagonist treatment regulated lipolysis in adipocytes
We isolated adipocytes from hamsters treated with coagonist for 28 days. Coagonist treatment led to increase in lipolysis when compared to vehicle-treated animals. Effect of coagonist was partially reversed in presence of GLP-1R antagonist and GCGR antagonist, while in presence of FGF21R antagonist, glycerol release was completely reduced (▶table 1). We also assayed L-noradrenaline stimulated lipolysis. Coagonist treated hamsters showed significant increase in L-noradrenaline stimulated lipolysis when compared with vehicle control group. Chronic administration of GLP-1R and GCGR antagonist along with coagonist partially reversed lipolytic response of coagonist. Blockade of FGF21R action fully suppressed lipolysis that was stimulated by coagonist treatment (▶table 1).
Effects of the coagonist on body weight and food intake are not dependent on FGF21
Hamsters fed on high fat-high cholesterol diet were treated either with vehicle or with the coagonist, with or without the antagonists of GCGR, GLP-1R, and FGF21R. The animals treated with vehicle gained 18.2 g weight in treatment duration. Those hamsters which received coagonist treatment lost 33.4 g, which indicates 33.8 % decrease against the control. Blockade of GCGR induced 9.0 g weight loss, which was 15.6 % lesser than the coagonist treated group. On the other hand, blocking the GLP-1R induced 5.6 g weight loss, which was 17.8 % lesser than the coagonist treated group. When FGF21R antagonist was added to the treatment along with coagonist, the hamsters gained 5.7 g, which was 8.2 % lesser than the vehicle treated control (▶table 1).
Food intake in coagonist-treated hamsters was significantly decreased when compared to the vehicle treated controls. However, when GCGR antagonist treated was added, the decrease in food intake induced by the coagonist was nearly attenuated. On the other hand, GLP-1R antagonist attenuated the anorexia induced by the coagonist minimally, despite the body weight being significantly lower. Treatment with the FGF21R antagonist did not alter anorexia induced by coagonist (▶table 1). Taken together, these data suggest that the effect of coagonist on body weight and food intake are differentially regulated by glucagon and GLP-1 signaling, and are not dependent on FGF21. increased accumulation of triglycerides and cholesterol in liver. Coagonist treatment significantly reduced hepatic triglycerides and total cholesterol (▶table 1). Coadministration GLP-1R and FGF21R antagonists prevented the effect of coagonist on hepatic triglycerides, while GCGR blockade prevented coagonist-induced reduction in hepatic cholesterol (▶table 1).
FGF21 signalling is required for lipid lowering effect of coagonist
To confirm the involvement of FGF21 in metabolic actions of coagonist we assessed mRNA expression of FGF21, FGF21R and ßklotho in vehicle control and coagonist treated animals. We observed that chronic treatment of coagonist increased mRNA expression of FGF21 and FGF21R in liver, and adipose. An increase in ßklotho expression indicates increased FGF21 sensitivity after coagonist treatment (▶ Fig. 4) . The changes in FGF21 sensitivity strongly correlates with beneficial effect on lipid, indicating a role of adipose and hepatic FGF21 axis in modulation of coagonist action.
Discussion
We have observed that coagonist of GLP-1R and GCGR decreases hyperlipidemia and FGF21 signalling is required for this action. Our results indicate that coagonist of GLP-1R and GCGR increases FGF21 sensitivity in liver and adipose tissue, which contributes to decrease in dyslipidemia and obesity. We have also observed that FGF21 action is required for the hepatic metabolism of lipids, but not for biliary excretion of cholesterol. In our earlier work [14] , we have observed that FGF21 levels were increased after repeated dose treatment of coagonist in diet-induced obese mice. However, it was not known whether this increase can be correlated with the therapeutic benefit. To confirm this, we subjected the hyperlipidemic hamsters to the coagonist treatment, in which the antagonists of GLP-1R, GCGR and FGF21R were co-administered in separate groups.
We observed a partial reversal in antiobesity effect of coagonist by antagonizing either GCGR or GLP-1R action, indicating a combined role of both these hormones in body weight reduction. It is reported that GCGR and GLP-1R agonist treatment reduces food intake [5, 23] . Glucagon is known for its lipolytic effect, while role of GLP-1 in regulating lipolysis is not clear [24, 25] . After repeated treatment of coagonist, we observed increased basal and L-noradrenaline-mediated lipolysis. The lipolytic effect was partially mediated by GLP-1R while almost complete neutralization of lipo-▶table 1 Effect of chronic treatment of coagonist on body weight, food intake, hepatic lipids, and glycerol release in hyperlipidemic hamsters.
Parameter
Vehicle lytic effect was observed after GCGR blockade. Thus, lipolytic effect of the coagonist seems to be primarily mediated by glucagon signalling.
Liver is a major regulator of lipid metabolism in the body. We and others have reported that GLP-1 controls hepatic lipid metabolism [8, 12] . GLP-1 reduces lipogenesis by activating cAMP-activated protein kinase (AMPK, a suppressor of lipogenesis) and enhancing β-oxidation by increased expression of peroxisome proliferator-activated receptor alpha, stearoyl-CoA desaturase, SREBP-1C and acetyl-CoA carboxylase [8] . We have observed in our previous studies that GLP-1 reduces SREBP-1c, while increases LDLR and CYP7A1 indicating enhanced removal of lipids from circulation and increases bile salt formation [12] . On the other hand, glucagon suppresses HMG-CoA reductase, thereby suppressing cholesterol synthesis in liver [13] . It also enhances removal of cholesterol in bile. Biliary cholesterol excretion is an important alternative pathway for removal of accumulated lipids in liver. We observed that chronic coagonist treatment reduced plasma triglycerides, plasma cholesterol, plasma LDL and hepatic triglycerides. GLP-1R is mainly involved in triglyceride lowering, while cholesterol and LDL lowering involves GCGR action. GCGR antagonists are being investigated as the therapeutic option for treatment of hyperglycemia. However, it was demonstrated that optimum efficacy of GCGR antagonist requires GLP-1 signalling and that the GLP-1 analog has more favorable impact on lipid and energy metabolism than the GCGR antagonist [4] . On the other hand, chronic glucagon receptor antagonism associated with glucose-lowering demonstrated increase in hepatic fat and hepatic enzyme levels [26] . Hence, a combination of GCGR and GLP-1R agonism can achieve optimum therapeutic efficacy in treatment of dyslipidemia.
We found that coagonist suppresses hepatic triglyceride secretion, partially involving GLP-1 and glucagon receptors. We and others have reported that GLP-1 and glucagon reduce hepatic VLDL secretion [14, 27] . We observed that coagonist also increased bile flow rate and biliary cholesterol excretion. GLP-1R blockade attenuated the effect of coagonist on bile flow. On the other hand, GCGR blockade minimized the effect of coagonist on biliary cholesterol excretion. It appears that increase in bile flow is GLP-1R-dependent and cholesterol excretion is dependent on GCGR action.
Glucagon controls glucose, energy, and lipid metabolism in part via FGF21-dependent pathways [28] . We have previously observed that exendin-4 treatment increases FGF21 levels [12] . It is also reported that exendin-4 treatment decreases FGF21 resistance [29] . FGF21 is an endocrine hormone involved in metabolic regulation. It can improve insulin sensitivity and correct dyslipidemia in primates and humans [30] . We have previously observed that coagonist increases FGF21 levels in diet-induced obese mice after repeated dose treatment [14] . In the current work, we have observed that when FGF21R blockade attenuated the effect of GLP-1R/GCGR coagonist on hepatic triglyceride secretion, plasma lipids and hepatic lipids.
FGF21 acts through a receptor complex consisting of a coreceptor, βKlotho, and FGF21R located on the cell surface. The pronounced weight loss and improvement in lipid metabolism by coagonist treatment were associated with increase in FGF21 mRNA levels in liver and epididymal white adipose tissue. Circulating levels of FGF21 are elevated in obese diabetic subjects, suggesting FGF21 resistance [31] . However, FGF21resistance was not evident at the whole-organism level in animal models of genetic or acquired obesity and insulin resistance [32] . Since FGF21R antagonist significantly reduced the metabolic actions of exogenous FGF21, it appears that the FGF21 signalling is intact in dyslipidemic hamsters [32, 33] . We have observed that coactivation of GLP-1 and GCGR induces FGF21 gene expression and secretion from liver. It is also possible that bile acid flux in the enterohepatic system mediates the increase in FGF21 expression and secretion [33] . The observation that coagonist increased hepatic FGF21 expression as well as FGF21 concentration in the circulation indicates that it is a direct effect of the coagonist as well as an indirect effect of increased bile flow due to the phenotypic changes.
In summary, GLP-1R/GCGR coagonism improves lipids and the associated metabolic syndrome in cholesterol-fed hamsters. The hypolipidemic action of the coagonist requires FGF21 signalling in liver and adipose tissue. 
